While exogenous toxic compounds such as herbicides are thought to be sequestered into vacuoles in the form of glutathione (GSH) conjugates, little is understood about natural plant products conjugated with GSH. To identify natural products conjugated with GSH in plants, metabolites in the Arabidopsis g-glutamyl transpeptidase (ggt) 4 knockout mutants that are blocked in the degradation of GSH conjugates in the vacuole were compared with those in wild-type plants. Among the metabolites identified, one was confirmed to be the 12-oxo-phytodienoic acid (OPDA)-GSH conjugate, indicating that OPDA, a precursor of jasmonic acid (JA), is transported into the vacuole as a GSH conjugate.
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Glutathione (GSH), a tripeptide consisting of g-Glu-Cys-Gly, exists at millimolar concentrations in cells and functions in the storage and transport of organic sulfur. GSH regulates redox homeostasis in cells and detoxifies reactive oxygen species through the redox chemistry of its thiol group (Foyer and Noctor 2005) . In addition, the sulfur in GSH is nucleophilic and attacks electrophile conjugate acceptors. In animals, poisonous by-products produced during xenobiotic metabolism are detoxified by conjugation with GSH. In addition, physiologically active substances such as prostaglandins and leukotrienes are conjugated with GSH and these conjugates are transported out of the cells. This conjugation is catalyzed by glutathione S-transferases (GSTs; Hayes et al. 2005) .
In plants, it is known that herbicides are conjugated with GSH and sometimes sequestered into the vacuole, although other non-vacuolar pathways have been proposed (Brazier-Hicks et al. 2008 ). This mechanism is important in conferring herbicide resistance in crop species (Dixon et al. 1998) . Compared with animals, less is known about GSH conjugation with natural products in plants. Bronze-2 in Zea mays and An9 in Petunia hybrida encode GSTs that are required for the last step of anthocyanin biosynthesis (Marrs et al. 1995 , Alfenito et al. 1998 . In vitro experiments suggested that anthocyanins are transported into the vacuole in the form of GSH conjugates. However, anthocyanin-GSH conjugates have never been detected in vivo; thus it was suggested that these GSTs do not conjugate GSH with anthocyanins but are flavonoid carrier proteins (Mueller et al. 2000) . Medicarpin, a phytoalexin in Vigna radiata, and trans-cinnamic acid were shown to be transported into the vacuole in the form of GSH conjugates in in vitro experiments (Li et al. 1997, Walczak and Dean 2000) . Recently, oxylipin-GSH conjugates were detected in vivo in Nicotiana tobacum and Arabidopsis thaliana (Davoine et al. 2005 , Davoine et al. 2006 , Mueller et al. 2008 . Oxylipins are bioactive and produced upon peroxidation of polyunsaturated fatty acids, which are released from membrane lipids. Some oxylipins exhibit a,b-unsaturated keto or epoxide structures and may thus act as reactive electrophiles toward cellular nucleophiles such as GSH. Although oxylipin-GSH conjugates were detected, their localization and the physiological purpose of conjugation are not understood.
g-Glutamyl transpeptidases (GGT) can break the g-glutamyl bond of GSH. Previously, we found that GGT4 in Arabidopsis is responsible for degradation of GSH conjugates in the vacuole (Ohkama-Ohtsu et al. 2007) (2007) . The ggt4 knockout mutant is a powerful tool for the analysis of GSH conjugates because this mutant is incapable of degrading vacuolar GSH conjugates (Ohkama-Ohtsu et al. 2007 ). Thus any GSH conjugate that accumulates to higher levels in ggt4 can be assumed to be transported to the vacuole and degraded by GGT4. In this study, we compared metabolites from ggt4 knockout mutant plants and those from wild-type plants to identify GSH conjugates of endogenous metabolites in the vacuole.
We speculate that GSH conjugates might accumulate following pathogen inoculation because medicarpin, a phytoalexin in V. radiata, was previously shown to conjugate with GSH in vitro (Li et al. 1997) . Also the production of oxylipins, whose GSH conjugates were detected in vivo, was previously found to be induced by pathogen infection (Davoine et al. 2005 , Davoine et al. 2006 , Mueller et al. 2008 . Pseudomonas syringae pathovar tomato DC3000 with the avirulence gene avrRpm1 (Pst-avrRpm1) was used because this bacterium induced accumulation of oxylipin-GSH in Arabidopsis leaves (Mueller et al. 2008) .
The ggt4-1 knockout (Landsberg background), ggt4-2 knockout (Columbia background) and corresponding wild-type plants were grown under short-day conditions for 8 weeks. A suspension of Pst-avrRpm1 or MgCl 2 (buffer control) was then infiltrated into fully expanded leaves. At this stage, inflorescence stems had not yet emerged. After 2 d, infiltrated leaves were sampled for metabolite extraction and analysis. At the time of sampling, leaves infiltrated with Pst-avrRpm1 showed yellowing but were not shriveled. Leaves with MgCl 2 were not yellowed.
As GSH conjugates are normally water soluble, metabolites were analyzed using capillary electrophoresis time-of-flight mass spectrometry (CE-TOF/MS). Positive mode was chosen in MS because GSH is detected with this setting. In total, 56,884 peaks were detected by CE-MS analysis of ggt4 mutants and wild-type plants. In the ggt4 knockout plants, vacuolar GSH conjugates were expected to accumulate without degradation. Candidates for GSH conjugates were identified as metabolites that increased >2-fold in ggt4 compared with the corresponding wild types (Student's t-test, P < 0.05, n = 5), or were detected only in the ggt4 mutants (detected in >3 samples in ggt4 but not detected in any wild-type samples, n = 5).
These selected metabolites were assumed to be GSH conjugates because all of these compounds accumulated in ggt4 mutants, which are incapable of degrading GSH conjugates. To determine the molecular weights without GSH, the molecular weight of GSH was subtracted from that of the selected metabolite. Using the KNApSAcK database (Shinbo et al. 2006 , http://kanaya.naist.jp/KNApSAcK/) molecular formulas corresponding to {[(molecular weight of selected metabolite) -(molecular weight of GSH)] ± 0.01} were searched. Using this method, the number of metabolites identified was 60 in ggt4-1 with Pst-avrRpm1, 43 in ggt4-1 with MgCl 2 , 29 in ggt4-2 with Pst-avrRpm1 and 23 in ggt4-2 with MgCl 2 . Among these identified metabolites, five metabolites accumulated in both ggt4-1 and ggt4-2 with Pst-avrRpm1 and two metabolites accumulated in both ggt4-1 and ggt4-2 with MgCl 2 ( Table 1) . Accumulation of these seven metabolites was considered to be caused by the mutation in the GGT4 gene because they accumulated in the two independent allelic mutants.
As shown in Supplementary Table S1 , each of the seven molecular formulas identified in Table 1 corresponded to more than one potential metabolite. To confirm which metabolites actually accumulated in ggt4, it was necessary to synthesize these GSH conjugates to see if the synthesized standards co-migrated with the CE-MS peaks. Of the potential metabolites identified, the protocol for conjugation with GSH has only been reported for 12-oxo-phytodienoic acid (OPDA) (Davoine et al. 2005) . Following this protocol, the OPDA-GSH conjugate was synthesized. As shown in Fig. 1 Based on these two independent properties, correct mass and co-chromatography with the standard, we concluded that the OPDA-GSH conjugate was one of the metabolites that accumulated in ggt4 mutants. GGT4 is the enzyme that degrades GSH conjugates in the vacuole, and blocking the vacuolar metabolism of GSH conjugates results in their accumulation in the cell (Grzam et al. 2007 , Ohkama-Ohtsu et al. 2007 ). OPDA-GSH accumulated in the vacuole of ggt4 when its degradation was blocked, indicating that it is normally transported to the vacuole for further metabolism. OPDA is a precursor of jasmonic acid (JA), and OPDA itself functions as a signal molecule, regulating gene expression (Taki et al. 2005) . It is possible that the transportation of OPDA-GSH to the vacuole regulates availability of jasmonates. To evaluate this possibility, we compared concentrations of jasmonates, including OPDA, JA, jasmonoylisoleucine (JA-Ile) and 12-hydroxyjasmonic acid (12-OH-JA) ( Supplementary Fig. S1 ), between wild-type and gst6-1 knockouts. Mueller et al. (2008) suggested that GST6 mediates conjugation of OPDA and GSH because the expression of GST6 is strongly induced by OPDA, and GST6 is predicted to be localized in the chloroplast, where the biosynthesis of OPDA takes place. For jasmonate analysis, leaves of wild-type and gst6-1 plants were sampled 2 d after infiltration with Pst-avrRpm1 or MgCl 2 as for the CE-MS analysis. Pst-avrRpm1 treatment increased jasmonate concentrations in both genotypes, but there were no significant differences between wild-type and gst6-1 plants with either Pst-avrRpm1 or MgCl 2 treatments ( Supplementary Fig. S2 ). Although we have been unable to verify experimentally that jasmonate availability is regulated by OPDA-GSH, the hypothesis is still not disproved because conjugation of OPDA and GSH may be mediated by GSTs other than GST6. We also determined the jasmonate levels in the ggt4-2 mutant to see whether degradation of the OPDA-GSH conjugate in the vacuole influenced their concentrations ( Supplementary Fig. S2 ). OPDA in ggt4-2 was slightly lower than in wild-type plants after MgCl 2 infiltration, but not different from the wild type after infiltration with Pst-avrRpm1.
Other jasmonate derivatives in ggt4-2 did not differ from those in the wild type following either treatment. These results indicated that degradation of OPDA-GSH in the vacuole is not likely to influence jasmonate concentrations. OPDA-GSH was increased upon Pst-avrRpm1 infiltration in both Columbia wild-type and ggt4 mutant plants (Table 1) , and this was concomitant with the increase in OPDA (Supplementary Fig. S2 ). This indicates that a certain portion of OPDA was transported into the vacuole in the form of a GSH conjugate. In wild-type plants, GSH-OPDA was degraded, which resulted in a smaller amount compared with ggt4.
In conclusion, we report here the first study using a genetic approach to show clearly that OPDA is transported into the vacuole in the form of a GSH conjugate. Further work is needed to determine the physiological function of the transport and degradation of the conjugate, which might be the mechanism to detoxify excess OPDA. This method could be broadly applied to identify GSH conjugates that are metabolized in the vacuole.
Materials and Methods
Arabidopsis thaliana plants were grown in soil at 22
C with 8 h light/16 h dark cycles. ggt4-1 [ecotype Landsberg, originally called ggt3-1 (Ohkama-Ohtsu et al. 2007 ) but renamed ggt4-1 (Ohkama-Ohtsu et al. 2008)] has been described (Ohkama-Ohtsu et al. 2007 ). ggt4-2 (ecotype Columbia) was provided by GABI-kat (http://www.gabi-kat.de/, stock no. GK-631A04). The ggt4-2 mutant is a result of a T-DNA insertion in the third exon of At2g29210. Homozygous plants containing the insert were screened by PCR using the gene-specific primers GGT4-2F (5 0 -GCCGTGGCTATTACTTTATGTGTT-3 0 ) and GGT4-2R (5 0 -CGGTTTTCAAAACCTGTCCG-3 0 ) and the T-DNA left border (5 0 -CCCATTTGGACGTGAATGTAGACAC -3 0 ). Loss of mRNA for At2g29210 in the ggt4-2 mutant was confirmed by reverse transcription-PCR (RT-PCR) using primers GGT4-2F and GGT4-2R (Supplementary Fig. S3 ). In vivo degradation analysis of the monobromobimane-GSH conjugate (Ohkama-Ohtsu et al. 2007 ) demonstrated that, like ggt4-1(Ohkama-Ohtsu et al. 2007), ggt4-2 did not degrade the GSH conjugate to cysteine conjugate ( Supplementary Fig. S4 ). This confirmed that GGT4 is not functional in the ggt4-2 mutant. gst6-1 (ecotype Columbia) was provided by the Salk Institute (Alonso et al., 2003) and obtained from the Arabidopsis Biological Resource Center (stock no. SALK_039887C). The gst6-1 mutant is a result of a T-DNA insertion in the sixth exon of At2g47730. The homozygous plants containing the insert were screened by PCR using the gene-specific primers GST6-1F (5 0 -GGACGGTGATTTGACGC TTTTCG-3 0 ) and GST6-1R (5 0 -GGTACTGACTCCAAGGTG CTC-3 0 ) and the T-DNA left border pROKr3 (Lin and Oliver 2008) . Loss of mRNA for At2g47730 in the gst6-1 mutant was confirmed by RT-PCR using primers GST6-1F and GST6-1R ( Supplementary Fig. S3 ). The ACTIN8 gene was chosen as a control, and its expression was determined using primers as described by Goto and Naito (2002) . For pathogen infection, seeds were sown on soil and grown under short-day conditions for 8 weeks, and then Pseudomonas syringae pathovar tomato DC3000 with the avirulence gene avrRpm1 (Pst-avrRpm1) (2 Â 10 6 colony-forming units ml À1 ) or 10 mM MgCl 2 (mock inoculation) was hand-infiltrated into fully expanded leaves using a needleless syringe. After inoculation, plants were grown under the short-day conditions for an additional 2 d and then infected leaves were sampled into liquid nitrogen and stored at À80 C until extraction. Metabolites were extracted from leaves as described in Ohkama-Ohtsu et al. (2008) except that 5 vols. of methanol (20 ml mg À1 FW) including 8 mM internal standard, Met sulfone, were added to the homogenized leaves instead of 20 vols. The CE-MS system and conditions were as described by Watanabe et al. (2008) .
OPDA, which was synthesized as described in Ainai et al. (2003) , was kindly provided by Dr. Y. Kobayashi, Tokyo Institute of Technology. The reference OPDA adduct was generated non-enzymatically as described in Davoine et al. (2005) . The reaction mixture (1 ml) containing 1 mM GSH and 0.1 mM OPDA in 20 mM borate buffer, pH 10, was incubated at room temperature for 2 h.
Determination of the endogenous concentration of OPDA, JA, JA-Ile and 12-OH-JA is described in the Supplementary data.
Supplementary data
Supplementary data are available at PCP online. 
